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Mitochondria are organelles of elaborate structure that in addition to supplying cellular energy,
have signiﬁcant roles in calcium homeostasis and apoptosis. Failure to maintain mitochondrial
dynamics results in neurodegenerative diseases and neuromuscular pathologies. The Miro GTPases,
which constitute a unique subgroup of the Ras superfamily, have emerged as essential regulators of
mitochondrial morphogenesis and trafﬁcking along microtubules. Miro GTPases function as cal-
cium-dependent sensors in the control of mitochondrial motility. Increased awareness of the bio-
logical function of Miro GTPases can contribute to elucidate the molecular mechanisms
underlying diseases caused by deregulated mitochondrial dynamics.
 2009 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
Mitochondria are highly dynamic organelles that undergo con-
stant changes in shape and distribution in order to perform the
correct cellular assignment at the appropriate time and location.
The classical view on mitochondria has stated that their prime role
is to supply energy, in the form of ATP, to be utilized in cellular
reactions. However, these organelles have turned out to play vital
roles in calcium homeostasis, in formation of reactive oxygen spe-
cies and in the initiation of apoptosis.
Mitochondria are transported along cytoskeletal tracks to areas
in the cell where the energy demands are high and/or where cal-
cium buffering is required. Rapid, long distance, transmission of
mitochondria is accomplished via the microtubule network,
whereas actin serves as tracks for short range transport of mito-
chondria to areas where the microtubules do not reach [1–3]. In
addition, the integrity of intermediate ﬁlaments (IFs) is an impor-
tant determinant for a correct localization of mitochondria as well
as for the regulation of mitochondrial function (e.g. apoptosis, en-
ergy metabolism) [4]. When mitochondrial motility is inhibited,
the organelle is suggested to dock to actin and microtubule-based
cytoskeletal components [5,6]. However, the extra- and intracellu-
lar signals that control the motility of mitochondria are as yet
elusive.on behalf of the Federation of Euro
nström).The mitochondrial morphology is controlled by precisely regu-
lated cycles of fusion and ﬁssion. Fusion and ﬁssion are complex
processes, due to the fact that the two mitochondrial membranes
have to act in concert. In mammals, outer mitochondrial mem-
brane fusion has been shown to depend on the activity of the
Mitofusins1 and 2 (Mfn1 and 2), whereas OPA1, which is localized
in the intermembrane space, is thought to be involved in the fusion
of the inner membrane. Mammalian mitochondrial ﬁssion is, in
turn, dependent on Drp1, a soluble, cytosolic protein that has to
be recruited to the mitochondrial membrane. In yeast, the assem-
bly of the ﬁssion machinery requires the presence of the outer
mitochondrial membrane protein Fis1, however, in mammalian
cells, this protein does not seem to be mandatory for Drp1 depen-
dent assembly of the mitochondrial ﬁssion components. Activity of
additional proteins, such as Endophilin B1 and MTP18, have also
been ascribed roles in ﬁssion processes (reviewed in [7]). By
enabling the exchange of mitochondrial content, mitochondrial
fusion and ﬁssion prevent the accumulation of defective mitochon-
dria and secure the availability of mitochondria in proliferating
cells [8,9].
In eukaryotes, the dynamic properties of mitochondria are
essential for embryonic development, proper neurological func-
tions and the regulation of apoptosis (reviewed in [10]). Efﬁcient
mitochondrial trafﬁcking is particularly important in neurons,
where mitochondria are obligated to travel considerable distances
along axons to supply synaptic endings with the energy needed for
neurotransmitter release and recycling [11]. Furthermore,
mitochondria play an important role in the regulation of neuronalpean Biochemical Societies.
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teins are encoded in the nuclear genome, recent data presented
by Amiri and Hollenbeck indicate that mitochondria can replicate
their DNA, divide and fuse locally within the axon, suggesting that
the biogenesis of mitochondria is not limited to the cell body [13].
Even subtle perturbations of mitochondrial dynamics can, over
time, give rise to severe effects in neurons. Inherited mutations in
genes coding for mitochondrial dynamics proteins have been found
to be responsible for a number of neurodegenerative diseases. For
instance, mutations in Mfn2 is linked to a dominant axonal form of
the most common neuromuscular disorder, the Charcot-Marie-
Tooth 2A (CMT2A) disease [14], and a majority of patients suffering
from autosomal dominant optic atrophy harbour mutations in the
OPA1 gene [15]. Accumulating data indicate that aberrant mito-
chondrial dynamics can contribute to the pathogenesis of late-on-
set neurodegenerative conditions such as Amyotrophic Lateral
Sclerosis (ALS), Huntington’s, Parkinson’s and Alzheimer’s diseases
[16].
In recent years, an effort has been made to identify the cellular
components that govern mitochondrial dynamics. In this review
article, we summarize the current knowledge of recently identiﬁed
key components in mitochondrial dynamics; the Miro GTPases.2. The Miro GTPases
The Miro GTPases constitute one of the six major branches in
the Ras superfamily together with Ras, Rab, Ran, Arf and Rho.
Members of the Ras superfamily typically act as regulators of di-
verse cellular processes by cycling between biologically active
GTP- and inactive GDP-bound conformations [17]. The Miro pro-
teins harbour two GTPase domains that ﬂank a pair of calcium-
binding EF-hands. The EF hands are functional, since they were
shown to bind 45Ca2+ in a dot blot overlay assay [18]. Two genes
encoding Miro GTPases exist in human: Miro1 and Miro2 (also
known as RhoT1 and RhoT2). Human Miro1 and Miro2 both consist
of 618 amino acid residues and share 60% sequence identity. The
N-terminal GTPase domain displays similarities with the Rho GTP-
ases, and therefore the Miro proteins were initially classiﬁed as
Rho GTPases [19]. However, because of their distinct structural
and functional properties, the Miro GTPases are now considered
to constitute a separate subfamily of the Ras superfamily [20,21].
The C-terminal GTPase domain of the Miro proteins is only dis-
tantly related to other Ras superfamily members. Additionally,
the Miro proteins lack the insert domain, a unique surface-exposed
alpha-helical region that distinguishes Rho proteins from other
Ras-related proteins. The insert domain has been ascribed roles
in the activation of some effectors [22,23]. An additional and signif-
icant difference between the Miro proteins and Rho GTPases is the
absence of CAAX-box in Miro. The CAAX-motif, which is typically
present in Rho GTPases, is subject to post-translational isoprenyla-
tion that confers membrane targeting of the protein [24]. Instead of
a CAAX-domain, the Miro proteins express a C-terminal transmem-
brane domain that is responsible for the insertion of the proteins
into the outer mitochondrial membrane, resulting in exposure of
the additional Miro domains into the cytosol [25,26] (Fig. 1a).
The Rho GTPases are known to be potent regulators of the cytoskel-
eton [27]. However, the fact that transient expression of human
Miro (hMiro)1 wild-type, or hMiro1 with a constitutive active
mutation in its N-terminal GTPase domain (P13V), in COS-7 cells
did not induce any obvious divergence in the organization of actin
or microtubule structures, further supports the notion that the
activity and roles of the Miro proteins are different from the Rho
GTPases [19]. Hence, rather than visibly affecting cytoskeletal
structures, the Miro GTPases are regulators of mitochondrial
dynamics.Members of the Miro subfamily are conserved throughout the
eukaryotic phyla (Fig. 1b). The levels of Miro expression however,
vary between different tissues and most likely correlate with mito-
chondria density and energy demand in a speciﬁc type of cell. In
humans, both Miro1 and Miro2 appear to be universally expressed,
demonstrating particularly high expression levels in heart and
skeletal muscle tissues [19]. The expression proﬁle analysis of
the mouse Miro2 ortholog, ARHT2, showed that ARHT2 is ubiqui-
tously expressed throughout adult tissues, with high expression
in heart, testis, skeletal muscle and brain, and lower expression
in liver, lung and spleen [28]. The fact that the Miro GTPases are
conserved from yeast to human, and are expressed in most cell
types, suggest that these proteins have an essential role in organ-
ism development and cell survival.3. The role of Miro GTPases in mitochondrial dynamics
Ectopic expression of mutated Miro in cell culture models and
in vivo models, have shown that deregulation of Miro causes dra-
matic effects on the mitochondrial distribution and morphology
in a variety of cell types [18,19,25,29–32].
In COS-7 cells, ectopic expression of hMiro1 resulted in the for-
mation of interconnected thread-like mitochondrial networks, an
effect that was abolished in cells expressing hMiro1 carrying a
dominant negative N-terminal GTPase domain or non-functional
EF-hand domain [26]. Strikingly, hMiro1 or hMiro2 constructs car-
rying constitutively active mutations in their N-terminal GTPase
domain, caused perinuclear aggregations of mitochondria in a high
percentage of the cells. Furthermore, expression of the constitu-
tively active variant of hMiro1 was found to result in an increased
apoptotic rate. Notably, cells over-expressing the dominant nega-
tive hMiro1 variant displayed collapsed mitochondrial network
to a higher degree than cells over-expressing hMiro1 wild-type
[19]. These ﬁndings demonstrate that both an activating and a neg-
ative mutation in the N-terminal GTPase domain of hMiro disturb
mitochondrial dynamics in a manner that gives rise to similar, but
not identical, phenotypes.
In contrast to hMiro1, over-expression of hMiro2 was not found
to give rise to interconnected mitochondria [26]. However, similar
to what was seen in cells expressing hMiro1, expression of hMiro2
resulted in the formation of clustered mitochondria. Despite the
fact that the two human isoforms of Miro are 60% identical and
are likely to be co-expressed in most tissues, the ﬁnding that
hMiro2 does not induce thread-like mitochondria in COS-7 cells
could suggest that a functional distinction between hMiro1 and
hMiro2 may wait to be revealed.
In summary, the data from the cell culture studies showed that
the N-terminal GTPase and EF-hand domain are essential for the
function of hMiro, whereas the GTP-binding capacity of the C-ter-
minal GTPase domain had no obvious inﬂuence on mitochondrial
morphology [26]. Evidently, the question arises; what are the func-
tional properties of the C-terminal GTPase domain? Is it merely an
evolutionary relic or is it an active domain with properties contrib-
uting to the overall function of the protein? In yeast, both the N-
terminal and C-terminal GTPase domains have been shown to be
important for the function of the Miro ortholog Gem1p. The intro-
duction of a plasmid encoding Gem1p with a dominant negative
mutation in GTPase domain 2, was unable to restore the tubular
mitochondrial structures in budding yeast Gem1p null cells, sug-
gesting that the C-terminal GTPase domain is indeed important
for Miro function [25]. However, the potential biological func-
tion(s) of the Miro C-terminal GTPase in higher eukaryotic organ-
isms remains elusive.
In contrast to animal cells, which mainly depend on the micro-
tubule network for mitochondrial motility, plant cells and yeast
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Fig. 1. (a) Schematic representation of the domain organization of humanMiro1 and Miro2. Miro1 and Miro2 both consist of 618 amino acid residues and are 60% identical to
each other. The N-terminal GTPase domain is related to the GTPase domain of the Rho family members, whereas the C-terminal GTPase domain is distantly related the GTPase
domain of the Rab subfamily. The two EF hand motifs are functional and bind Ca2+. (b) Dendrogram illustration of the similarity of all Miro GTPases from selected species. The
dendrogram was created by the ClustalW algorithm.
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organelle. Budding yeast rely on actin ﬁlaments for the transport
and organization of mitochondria, and the contribution of Gem1p,
has been shown to be important for proper mitochondrial inheri-
tance and cell viability [25,32]. In budding yeast, however, at least
two additional proteins, the outer mitochondrial membrane pro-
tein Mmr1p, and the Rab GTPase Ypt11p, have been shown to con-
tribute to mitochondrial inheritance. Both Mmr1p and Ypt11p
interact with the myosin V isoform Myo2p, and are implicated in
myosin V-based mitochondrial movement. Genetic interactions
and over-expression studies have further revealed that Gem1p,
Mmr1p and Ypt11p contribute to mitochondrial inheritance by
acting independently of each other [32].
The plant Arabidopsis thaliana genome harbours three genes
encoding Miro-related GTPases [19,33]. Two of the genes, Miro1
and Miro2, were shown to be ubiquitously expressed throughout
the plant tissues and to localize to the outer mitochondrial mem-
brane, whereas the third gene, Miro3, did not generate detectable
expression levels in any tissues, suggesting that it might rather
represent a pseudogene. Mutations in the Miro1 gene were found
to result in an early stage arrest in embryogenesis and impaired
pollen germination and tube growth. Miro1 mutant pollen dis-
played abnormally enlarged or tube-like mitochondria morphol-
ogy, as well as disrupted mitochondrial motility in the growing
pollen tube. Additionally, in resemblance with budding yeast,
mitochondria motility in pollen was shown to be dependent on ac-
tin ﬁlament structures [33].Taken together, the ﬁndings in yeast and plants might imply
that the action of animal Miro proteins is not restricted to their
interaction with microtubule motors, but that they may also inﬂu-
ence the regulation of attachment of actin motors to mitochondria.
In Drosophila melanogaster, homozygous dMiro mutations gave
rise to animals with slim body and small muscle size that exhibited
progressive defects in locomotion. In larvae lacking dMiro, mito-
chondria in neurons and muscles accumulated in the cell body
and were depleted from peripheral cellular compartments such
as presynaptic terminals. The severe deﬁciencies presented in
dMiro mutant ﬂies appear to have neuronal origin, since dMiro
mutants were rescued by the induction of wild-type neuronal
dMiro expression, but not by the induction of muscular dMiro
expression [29]. Defective neurotransmitter metabolism was ob-
served in mutated ﬂies, a feature that was suggested to be a result
of reduced mitochondrial ATP production. In stimulated neurons,
the absence of mitochondria at nerve terminals did not signiﬁ-
cantly affect synaptic calcium homeostasis, indicating that mito-
chondria might not be essential for calcium buffering in this
cellular compartment. An impaired calcium buffering capacity
could however be detected in dMiro mutants after prolonged and
repetitive stimulation [29] (see further the subsequent chapters).
In Drosophila, as well as in cell cultures expressing hMiro, the
Miro orthologs have been shown to have an impact on mitochon-
drial movement along the microtubules [18,29–31]. While Dro-
sophila lacking functional dMiro retains mitochondria in cell
soma and fails to distribute the organelles to peripheral compart-
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tion of mitochondria in terminal boutons of neuromuscular junc-
tions. The anomalous transport of mitochondria in dMiro mutants
was suggested to depend on the loss of dMiro activity rather than
structural or functional changes in mitochondria, since dMiro mu-
tant mitochondria did not demonstrate ultrastructural defects or
abnormalities in the membrane potential [29]. The severity of
the phenotypes in Miro mutant Drosophila suggests that deregula-
tion of the Miro GTPases might result in neuropathological
conditions.4. Miro in microtubule-based movement
Mitochondria undergo anterograde transport towards the plus
end of microtubules from the cell soma to peripheral structures,
and retrograde movement in the opposite direction. In mammals,
the kinesin isoforms kinesin-3 (KIF1B) and kinesin-1 (KIF5B), uti-
lize the energy released in ATP hydrolysis to move their speciﬁc
cargo, the mitochondria, in the anterograde direction [34,35]. The
microtubule associated minus-end directed dynein motor is the
driving force for the retrograde transport of mitochondria to the
cell body [36,37]. Translocation along actin is suggested to be
accomplished by myosin V motors in higher eukaryotes [38].
In Drosophila the adaptor protein Milton is required for the
transport of mitochondria in axons. Milton is a mitochondrial pro-
tein; however, it does not display a transmembrane domain con-
ferring a direct linkage to the outer mitochondrial membrane.
Similar to Miro mutants, Milton mutants are lethal. By limiting
homozygosity of the Milton mutation to the Drosophila eye, it
was possible to demonstrate that mitochondria were absent from
the axons of photoreceptors, but were normally distributed in cell
soma. Moreover, the axons appeared largely normal, suggesting
that the transport defect was restricted to mitochondria [39].
The Drosophila Milton transcript is alternatively spliced and is
subject to post-translational modiﬁcations, events predicted to re-
sult in several different protein products that are likely to have cell
speciﬁc roles, as well as to exert speciﬁc effects on mitochondrial
transport [40]. Although the differences between the isoforms re-
main poorly understood, genetic and biochemical data suggest that
their inﬂuence on anterograde and retrograde directed transport
might diverge [41]. Transfection of COS-7 cells with kinesin heavy
chain (KHC) and Drosophila Milton, either alone or together, dem-
onstrated that Milton was located exclusively to mitochondria and
recruited KHC. In non-transfected cells, on the other hand, endo-
genous KHC was mainly cytoplasmic. Simultaneous expression of
Milton, KHC and kinesin light chain (KLC) showed that the KLC
was invariably located in the cytoplasm. Under these conditions,
KHC was also found to be cytoplasmic. However, in ﬂies
over-expressing KLC, KHC was found to co-immunoprecipitate
with Milton, whereas KLC was not detected in the precipitate. Cor-
respondingly, it was shown that KHC co-immunoprecipitated with
KLC, instead excluding Milton from the complex. Further experi-
ments, using Drosophila eye clones homozygous for klc, demon-
strated that axonal mitochondrial number was comparable to
control cells, even though the morphology of the axons diverged
from the control, showing that KLC is not mandatory for transport
of axonal mitochondria. These ﬁndings suggest that KHC forms
separate complexes, either with Milton or KLC, and that KLC and
Milton might compete for the same binding site on KHC. Moreover,
whereas KHC and Milton are obligatory for mitochondrial trans-
port, KLC is not [40].
The closest Milton-related proteins in humans are the coiled-
coil domain containing proteins GRIF-1 and OIP106 (also known
as TRAK2 and TRAK1, respectively). GRIF-1 and OIP106 have been
reported to interact with kinesin-1 family members, and to indi-rectly couple to mitochondria [42]. In addition to its role in mito-
chondrial transport, GRIF-1 and OIP106 have been found to
interact with the GABAA receptors [43,44].
The detection of a direct interaction between dMiro and the
kinesin-associated Milton in Drosophila provided a major advance-
ment in the understanding of the mechanisms underlying microtu-
bule-based mitochondrial movement [40,45]. It was demonstrated
that over-expression of Miro lacking its transmembrane domain
resulted in random distribution of both Miro and Milton in the
cytosol, suggesting that the localization of Milton to mitochondria
is at least partially dependent on the association with Miro [40].
GRIF-1 and OIP106 have been shown to co-localize with mito-
chondria and to interact with hMiro1 and hMiro2 in COS-7 cells
[26]. In addition, over-expression of GRIF-1 and OIP106 gave rise
to the formation of aggregated and thread-like mitochondria, sim-
ilar to the mitochondria found in cells expressing the constitutively
active hMiro1 mutant. Co-immunoprecipitation showed that the
interactions between hMiro1 and GRIF-1 or OIP106, were indepen-
dent of the GTPase state of Miro or the capability of the EF-hands to
bind calcium. The fact that GRIF-1 and OIP106 were found to inter-
act with a hMiro1 mutant expressing only the N-terminal GTPase
domain, suggests that the binding site(s) are located to this domain
[26].
hMiro1 and GRIF-1 have been shown to co-localize in cultured
rat hippocampal neurons. In contrast to Drosophila Milton [39,40],
GRIF-1 was also found to localize to other cellular compartments,
such as endosomes and cytosol, in rat hippocampal neurons, sug-
gesting that GRIF-1 may play a role in other membrane trafﬁcking
processes in neurons [46]. Mapping of GRIF-1 identiﬁed residues
476–700 of GRIF-1 to be essential for the interaction with hMiro1.
Over-expression of hMiro1 was found to increase the number of
mitochondria transported to the periphery of neurons. Interest-
ingly, uncoupling of hMiro1 from the kinesin motor proteins, by
deleting the kinesin-binding domain of GRIF-1, inhibited the trans-
port of mitochondria. In contrast to the study of Fransson et al., this
study demonstrates that the GTP-loaded state of the N-terminal
domain of hMiro1 affected the ability of the protein to recruit
GRIF-1 to mitochondria. In addition, the status of the N-terminal
GTPase was found to inﬂuence the transport of mitochondria into
neuronal processes. While neuronal cells transfected with wild-
type or dominant negative variants of hMiro1, showed enhanced
transport and an increased number of mitochondria in neuronal
processes, expression of the constitutively active hMiro1 variant
resulted in decreased mitochondrial transport, a slight decrease
in the number of mitochondria in processes and the presence of
mitochondria aggregated in the cell soma. These ﬁndings suggest
that mitochondrial motility in neurons can be controlled by a
mechanism that is dependent on the GTPase activity of Miro,
which in turn regulates the recruitment of GRIF-1 [46]. In addition
to their interactions with kinesin heavy chain and Miro, both GRIF-
1 and OIP106 associate with OGT, an enzyme catalyzing post-
translational O-glycosylation [47].5. Miro activity in response to intracellular calcium ﬂuctuations
Calcium is a universal intracellular messenger and, as such, has
an impact on the regulation of numerous energy consuming cellu-
lar processes. The recruitment of mitochondria to areas of in-
creased calcium levels is thought to be necessary to fulﬁl local
demands for energy, as well as to enhance the calcium buffering
capacity. The axonal transport of mitochondria has been shown
to be regulated by calcium, where maximal movement is obtained
at resting calcium concentrations, and increased calcium concen-
trations within a physiological range result in arrest of mitochon-
dria [48–50].
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Miro GTPases in response to intracellular calcium ﬂuctuations
[18,30,31].
Ectopic expression of hMiro in rat heart H9c2 cells was shown
to result in increased mitochondrial motility at resting intracellular
calcium levels. Under the same conditions, silencing of hMiro
resulted in decreased mitochondrial movement. The increase in
mitochondrial motility was observed in cells over-expressing
wild-type hMiro1 and 2, the constitutively active variants, and
hMiro with mutated EF-hands. Further, it was shown that the cells
either contained thread-like mitochondria or mitochondria con-
densed around the nucleus. Expression of the dominant negative
hMiro under the same conditions instead gave rise to mitochon-
drial fragmentation or condensation. When intracellular calcium
levels were increased, hMiro wild-type and the constitutively ac-
tive variants of hMiro were found to inhibit mitochondrial move-
ment, whereas hMiro with defective EF-hands were less sensitive
to increased intracellular calcium levels. In addition, the dominant
negative variants of hMiro1 and hMiro2 also demonstrated a de-
creased inhibitory effect on mitochondrial movement in response
to increased intracellular calcium [30].
In response to repetitive depolarizations, primary cortical neu-
rons over-expressing hMiro1 wild-type, demonstrated a shorten-
ing of mitochondria as well as a decrease in the number of
mitochondria. A similar tendency was also seen in neurons
expressing hMiro2 wild-type and the constitutively active hMiro-
variants. However, neurons over-expressing hMiro with destroyed
EF hands showed no change in mitochondrial length and number
in response to depolarization [30].
In rat hippocampal neurons, overexpressed hMiro1 induced an
enhanced anterograde and retrograde mitochondrial movement inCa2
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Fig. 2. Two models based on the studies of [18,31] describing the role of the Miro GT
intracellular calcium levels (<0.1 lM), mitochondria are transported along microtubul
glutamate receptor in neuronal cells, results in a drastically reduced motility of the mitoch
is dependent on calcium binding to the Miro EF-hand domains and affects both anterogr
directly with the Miro GTPases at resting calcium. Increased calcium levels result in dis
present both on moving and stationary mitochondria. In this model, it is suggested that
motor domain from microtubules to the Miro GTPases.processes, as compared to non-transfected cells. However, it was
found that the average velocity of the moving mitochondria was
not changed in the hMiro1 transfected cells, suggesting that in-
creased expression levels of hMiro1 shifts the ratio of moving
and stationary mitochondria. This shift resulted in an overall in-
creased number of mitochondria in a mobile phase, which equally
affected anterograde and retrograde motion. This ﬁnding was also
supported by knock-down experiments showing that a decreased
expression of hMiro1 resulted in a smaller fraction of mobile mito-
chondria [18].
By blocking the interaction between hMiro1 and the KIF5 motor
protein, it was conﬁrmed that the increased number of moving
mitochondria in hMiro1 transfected cells was due to enhanced
hMiro1 coupling of mitochondria to the motor protein dependent
microtubule transport machinery. In this study, hMiro1 was found
to bind directly to KIF5 in a GST-pulldown assay that was free from
calcium and proteins, including GRIF-1. However, in the presence
of high calcium concentrations, the interaction between hMiro1
and KIF5 was signiﬁcantly inhibited by a mechanism that was
dependent on the capacity of the hMiro EF-hand domains to bind
calcium. It was found that the ability of hMiro1 to bind GRIF-1
was not affected by the absence or presence of calcium. Impor-
tantly, by using a 45Ca2+ dot blot overlay assay, hMiro1 was dem-
onstrated to bind directly to calcium. GST-pulldown assays from
rat brain further showed that the interaction between hMiro1
and KIF5 was affected by calcium concentrations in the physiolog-
ical range, and that the regulatory mechanism was dependent on
the hMiro1 EF-hand domains [18].
Exposure of control hippocampal neurons or neurons express-
ing wild-type hMiro1, to the excitatory neurotransmitter gluta-
mate, resulted in an almost complete cessation of moving+
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ruption of binding between Miro and KHC. (b) The result of [31] shows that KHC is
calcium binding to Miro gives rise to a shift in the binding preference of the kinesin
1396 K. Reis et al. / FEBS Letters 583 (2009) 1391–1398mitochondria in dendrites. In contrast, the mitochondrial move-
ment in cells expressing hMiro1 with mutated EF-hands was not
affected by the increased intracellular levels of calcium resulting
from glutamate receptor activation. In addition, it was shown that
following glutamate addition, evenly spread and mobile mitochon-
dria stopped and accumulated at synaptic zones [18].
Contradictory to the ﬁndings of MacAskill et al. [18], a study by
Wang and Schwarz shows that kinesin-1 is associated with the
Miro/Milton-complex, regardless of the motility status of mito-
chondria [31]. It was found that the calcium-dependent arrest of
mitochondria is due to a shift in the binding afﬁnity of the kinesin
motor domain from microtubules to hMiro, and that this shift re-
quires the binding of calcium to functional hMiro EF-hand do-
mains. However, in agreement with the two other studies
[18,30], the data presented by Wang and Schwarz clearly show
that the calcium-dependent arrest of mitochondria is relying on
the ability of the Miro EF-hand domain to bind calcium, and that
the calcium-induced arrest affected both anterograde and retro-
grade motion.
It was further shown that a direct interaction between hMiro
and the kinesin motor domain was only possible at increased cal-
cium levels. However, Milton was, similar to GRIF-1, found to
interact with hMiro in a calcium independent manner. Interest-
ingly, the presence or absence of functional hMiro EF-hands had
an effect on the susceptibility to excitotoxic stress in cultured hip-
pocampal neurons. The absence of functional Miro EF-hands re-
duced the ability of cells to cope with the increased intracellular
calcium levels induced by glutamate receptor activation, suggest-
ing that Miro is a key player in the machinery aiming to prevent
glutamate induced excitotoxicity [31]. The two suggested mecha-
nisms describing the role of the Miro GTPases in calcium-induced
regulation of mitochondrial motility are depicted in Fig. 2.
Taken together, the ﬁndings of the three independent studies
[18,30,31] have shed light on the mechanisms underlying the
essential role of the Miro GTPases as calcium sensors in the regu-
lation of mitochondrial anterograde and retrograde motility in
neuronal cells. The KIF5 motor is presumably responsible for the
anterograde motion, whereas the motor(s) in charge of the retro-
grade motility remains to be identiﬁed.6. Additional actors in mitochondrial homeostasis
AlthoughMiro and the Milton-related proteins form a key adap-
tor complex linking motors to mitochondria, additional adaptors
are likely to inﬂuence mitochondrial motility. For instance, the
neuronal speciﬁc protein syntabulin has been shown to interact
with the peripheral mitochondrial membrane. Syntabulin associ-
ates with mitochondria via its C-terminal tail, which possesses
the characteristics of outer mitochondrial membrane proteins. It
is however not clear if the membrane interaction is direct, or if syn-
tabulin is binding to a yet unidentiﬁed mitochondrial outer mem-
brane receptor. Moreover, syntabulin has been shown to interact
with kinesin heavy chain and to be important for anterograde
transport of mitochondria in hippocampal neurons [51]. Another
neuron-speciﬁc protein, syntaphilin, has been found to co-localize
with mitochondria and to inﬂuence axonal mitochondrial motility.
Syntaphilin has been proposed to act as a receptor for docking
mitochondria in axons, and to be required for maintaining a large
portion of axonal mitochondria in an immobile state through their
interaction with microtubules. Deletion of the syntaphilin gene re-
sults in increased mitochondrial motility and reduced mitochon-
drial density in axons [6].
Examples of proteins that have been shown to inﬂuence mito-
chondrial homeostasis, and, in particular mitochondrial morphol-
ogy, are the Plectin isoform 1b (P1b) and the PTEN-inducedkinase1 (PINK1). P1b is the ﬁrst cytolinker protein that has been
shown to physically link mitochondria to the intermediate ﬁla-
ment cytoskeleton. P1b is inserted into the outer mitochondrial
membrane by its N-terminal, and lack of P1b expression was
shown to induce the formation of elongated, tubular mitochondrial
network. The mechanism behind this phenotype has not yet been
uncovered, but it was suggested that P1b could either provide a
scaffolding platform for signalling proteins involved in the regula-
tion of mitochondrial morphology or that P1b, by linking mito-
chondria to intermediate ﬁlaments, could play a mechanical role
in shaping mitochondria [52].
Recessively inherited loss of function mutations in the PINK1
gene have been linked to early onset Parkinsonism. PINK1 is a
putative serine–threonine kinase with an N-terminal mitochon-
drial targeting motif that has been shown to localize to the outer
mitochondrial membrane, leaving the kinase domain facing the
cytosol [53]. PINK1 and Parkin, which represents another of the
genes associated with Parkinson’s disease, are linked in a common
pathway that is involved in the protection of mitochondrial integ-
rity and function. PINK1 has been shown to have a role in cellular
protection against oxidative stress [54] and to affect mitochondrial
dynamics and morphology in cooperation with mitochondrial fu-
sion/ﬁssion proteins [55]. Interestingly, recent ﬁndings show that
PINK1 interacts with the hMiro2/OIP106-complex, and that over-
expression of either Miro or Milton can suppress mitochondrial
fragmentation induced after PINK1 silencing [56].7. Concluding remarks
The molecular mechanisms underlying Miro activation as well
as the outcome of Miro GTPase – activity on cellular events are still
largely unknown. The ability of Miro to respond to increased intra-
cellular calcium levels seems to be dependent on the joint action of
the N-terminal GTPase domain and the EF-hand domain [30]. Con-
sidering the calcium binding capacity of Miro, the most likely sce-
nario would be that the direct calcium-binding by the Miro EF-
hand domain induces conformational changes in the Miro protein
[18,31]. The change in Miro conformation could in turn give rise to
a shift in afﬁnity for its intrinsic binding partners. One such exam-
ple would be the effect of calcium binding on the direct interaction
betweenMiro and KHC-domains [31], even though the discrepancy
between different reports remains to be clariﬁed [18,31]. Further-
more, calcium-induced conformational changes in the Miro GTPas-
es could possibly redirect Miro to other binding partner(s) that
provide the qualities necessary for motility arrest of mitochondria.
In addition, intracellular calcium-ﬂuctuations might indirectly
modulate the activity of Miro via activation or inactivation of sig-
nalling pathways, either affecting the properties of adaptor pro-
tein(s) or by changing the properties of the Miro protein itself.
Regulated transport and distribution of mitochondria is partic-
ularly important in neuronal axons, due to the considerable length
of this cell type. The synaptic regions of axons contain abundant
mitochondria, a situation that reﬂects high energy consumption
in that speciﬁc area. Mutations in the mitochondrial proteins
PINK1 and Mfn2 are factors contributing to Parkinson’s disease
and CMT2A, respectively. Moreover, mutations in superoxide dis-
mutase-1 (SOD1), one of the proteins suggested to cause ALS,
and Parkin have been shown to damage mitochondria [57]. Dam-
age to mitochondria, in particular to mitochondrial DNA coding
for proteins in the respiratory chain, will give rise to increased pro-
duction of reactive oxygen species (ROS), which in turn will cause
further damage to mitochondria and other cell components. In
view of the impact that Miro activity has on mitochondrial mor-
phology and motility, it is reasonable to envision that dysfunc-
tional Miro GTPases will result in neuropathological conditions, a
K. Reis et al. / FEBS Letters 583 (2009) 1391–1398 1397notion further supported by the phenotype of Drosophila with mu-
tated dMiro.
Most studies on the Miro GTPases have so far been focused on
the role of the proteins in neuronal cells. They have shown that
Miro is a key-regulatory component of the complex involved in
the transport of mitochondria. However, it is certainly important
to remember that the Miro proteins are ubiquitously expressed
in mammals and that they are likely to have additional and essen-
tial roles in other cell types.
Although current evidence suggest that hMiro1 and hMiro2
have principally over-lapping functions, a primary cause of dereg-
ulated Miro activity or function might result from yet unidentiﬁed
mutation(s) in the two human genes coding for Miro. Alternatively,
dysfunctional Miro proteins could be a secondary trait of a general
imbalance in cells, originating from genetic mutations, e.g. SOD1.
Moreover, mutations affecting the functionality of, so far, unknown
Miro binding partners could have a severe effect on the regulation
and activity of the Miro GTPases. Therefore, the key challenge for
the near future will be to continue the search for Miro binding
partners and to investigate how the Miro GTPases co-operate with
their binding partners to orchestrate the mitochondrial transport
machinery, as well as, potential non-mitochondrial processes.
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